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Introduction {#sec001}
============

Arbuscular mycorrhizal fungi (AMF) are present in nearly all soils, forming associations with roots of approximately 80% of plant species \[[@pone.0154438.ref001]\]. In exchange for photosynthates, AMF provide phosphate (P) and other nutrients to their plant hosts by producing hyphae that grow out from roots, effectively increasing the soil volume from which minerals are acquired \[[@pone.0154438.ref001]\]. The capacity of AMF to transport P to the plant, which in some cases adds up to 70% of total P plant uptake, is well known \[[@pone.0154438.ref001]\]. However, AMF can only exploit soluble P sources and much P in the soil is in an insoluble form.

The rhizosphere is regarded as a hotspot for microbial activity and recent studies indicate that this is also the case for the mycorrhizosphere where soil bacteria may attach to extraradical AMF hyphae \[[@pone.0154438.ref002]\]. The effect of arbuscular mycorrhizal fungal colonisation on the soil microbial community has been little studied. Changes in soil bacterial community composition due to the presence of AMF have been described, both *in vivo* and *in vitro* \[[@pone.0154438.ref003], [@pone.0154438.ref004]\]. Among soil bacteria in the rhizosphere, those with the capacity to solubilize P are highly relevant when studying AMF interactions because these bacteria could potentially make available more soluble P for absorption by AMF hyphae.

Phosphate solubilizing bacteria (PSB) are free-living soil microorganisms that are present in most soils \[[@pone.0154438.ref005]\]. In *in vitro* conditions, they have the potential to improve availability of P to the plant by solubilizing organic and inorganic P, through the action of synthetized phosphatases, by lowering the pH of the soil, and/or chelating P from Al^3+^, Fe^3+^, Fe^2+^ and Ca^2+^ with the help of organic acids \[[@pone.0154438.ref005], [@pone.0154438.ref006]\]. The most widely used method to initially select microorganisms with P solubilization capacity *in vitro* is the use of tri-calcium phosphate, although the predictability of this assay for P solubilization in soil conditions is very limited (recently reviewed in \[[@pone.0154438.ref007]\]).

Many soil bacteria, including species of *Pseudomonas*, *Azotobacter*, *Burkholderia*, *Bacillus* and *Rhizobium* have been shown to have the capacity to solubilize poorly available P \[[@pone.0154438.ref006], [@pone.0154438.ref008], [@pone.0154438.ref009]\]. In particular, *Pseudomonas spp*., are known to colonize the rhizosphere, solubilize P and can exhibit additional plant growth promoting characteristics such as plant growth stimulation and the production of metabolites that have anti-microbial activity \[[@pone.0154438.ref010], [@pone.0154438.ref011]\].

However, the interactions between PSBs and AMF are poorly understood and the approach to using both these microbial groups for applications in agriculture is often naive because of variation in soil abiotic and biotic environments in which these organisms have often not been tested \[[@pone.0154438.ref012], [@pone.0154438.ref013]\]. Moreover, very often, only single strains of these microbial groups have been shown in laboratory or greenhouse conditions to have the capacity to solubilize P or to improve plant P acquisition. Indeed, higher plant P uptake capacity has previously been reported when plants are co-inoculated in greenhouse conditions, with AMF and PSB \[[@pone.0154438.ref014], [@pone.0154438.ref015]\]. These bacteria probably improve the availability of P, which can subsequently be efficiently absorbed by AMF hyphae \[[@pone.0154438.ref014], [@pone.0154438.ref016]\]. Thus, on the basis of results, mostly from artificial experiments conducted in sterilized soil, AMF and PSB are thought to act synergistically. Recent evidence also points, not only to synergistic effects between AMF and PSB but also to cooperation between these organisms \[[@pone.0154438.ref017]\]. However, most of the beneficial effects of AMF are observed in experiments conducted in sterile soil \[[@pone.0154438.ref013]\]. In reality, plants naturally become colonized by the local AMF community. A more realistic test of their potential is whether adding AMF inoculum and PSBs to unsterilized soil will give a growth benefit to the plant. Such tests are rarely performed. Isolated beneficial microbes are then used in field applications, where the bacteria and fungi encounter both diverse soil environments and diverse microbial communities, including existing diverse populations of both PSBs and AMF. It is perhaps unsurprising; therefore, that application of both AMF and PSBs in agriculture has had very variable success \[[@pone.0154438.ref012]\].

Given that both AMF and PSB must have co-existed in the rhizosphere for millions of years, many possible interactions could have evolved between them. Yet the interaction between AMF and PSB is not well understood. Firstly, in the mycorrhizosphere, the soil zone influenced by both the roots and the mycorrhizal fungi \[[@pone.0154438.ref018]\], AMF exudates create an environment that can influence bacterial growth \[[@pone.0154438.ref002], [@pone.0154438.ref004], [@pone.0154438.ref019]\]. Attachment of bacteria, with P solubilizing capacity, to extraradical AMF hyphae, could ensure that P solubilizing activities of the bacteria would be located in the zone where they can be most beneficial in allowing the fungi access to additional soluble P. At the same time, attachment to the AMF hyphae might provide bacteria with a route to efficiently access the mycorrhizosphere \[[@pone.0154438.ref020]\]. Some soil bacteria have been shown to attach both to vital and non-vital AMF hyphae in *in vitro* conditions \[[@pone.0154438.ref002]\]. However, none of the bacteria in that study were assessed for their P solubilizing capacity. It is unknown whether any bacteria with phosphate solubilizing capacity have the ability to attach to AMF extraradical hyphae \[[@pone.0154438.ref021]\]. Of those PSB that might associate with AMF hyphae, it is unknown whether these bacteria might influence either the growth of AMF inside the roots or of AMF hyphae outside the roots. A positive effect of PSB on extraradical AMF hyphal growth could help PSB to access new areas of the mycorhizosphere and increase access by AMF hyphae to new sources of solubilized P. Thirdly, populations of PSB are diverse in the soil \[[@pone.0154438.ref006], [@pone.0154438.ref022]--[@pone.0154438.ref025]\] and it is unknown whether there is variation among strains in the effects of PSB on AMF.

The aims of this study were to test: 1. To test whether different *Pseudomonas* spp strains, which have previously been shown to be capable of solubilizing P in *in vitro* conditions, differ in their ability to grow along AMF hyphae; 2. Whether the bacterial strains differentially influence the growth of the fungus outside the roots and in the absence of a microbial community and whether P solubilized by the bacteria can be transported by the fungus to the plant root; 3. Whether there is variation in the capacity of the bacterial strains to influence colonization by mycorrhizal fungi inside the roots and in the presence of a microbial community in a non-sterilized Colombian Andisols. We used ten *Pseudomonas* spp. strains, from Colombian Andisols that were previously isolated \[[@pone.0154438.ref026]\] and that were characterized as PSBs in this study. Here we define PSB as bacteria that have been shown to solubilize tri-calcium phosphate in *in vitro* conditions. Thus, the bacteria we consider possess the metabolic capability to solubilize phosphate. This, however, does not mean that these bacteria would indeed solubilize P in a variety of different soils and in the presence of a potentially competing microbial community. We focussed on PSB originating from Colombian Andisols because these soils are important for potato production but characterized by very high P retention due to acidic conditions (pH \<5.5). We used the *in vitro-*produced AMF *Rhizophagus irregularis* because it has been shown to improve plant growth in field conditions in non-sterilized tropical acidic soils and has a global distribution \[[@pone.0154438.ref027]\].

Materials and Methods {#sec002}
=====================

Microbial inocula {#sec003}
-----------------

The AMF *Rhizophagus irregularis* (isolate DAOM 197198) was grown on *Agrobacterium rhizogenes*-transformed carrot roots, which were established and maintained in minimal medium (MM) for 90 days at 25°C \[[@pone.0154438.ref028]\].

Ten strains of *Pseudomonas sp*. were previously isolated from the potato rhizosphere at different altitudes in the Colombian Andes \[[@pone.0154438.ref026]\]. They were characterised according to their P solubilizing capacity *in vitro*, using two different methods. Phosphate solubilizing capacity of the bacteria was first carried out following the molibdovanadate method by using the Spectroquant^®^ kit (Merk Millipore Corporation) ([S1 Table](#pone.0154438.s002){ref-type="supplementary-material"}). Second, the bacterial capacity to solubilize aluminium phosphate was measured, according to Nautiyal \[[@pone.0154438.ref029]\] ([S1 Table](#pone.0154438.s002){ref-type="supplementary-material"}). The bacteria were also assessed for their ability to produce indol acetic acid and indol-related substances. The production of indol-related substances was determined b y growing the PSB in LB medium with 0.3 mM of L-tryptophane following the procedure of Glickmann and Dessaux \[[@pone.0154438.ref030]\] ([S1 Table](#pone.0154438.s002){ref-type="supplementary-material"}).

Characterisation of the bacterial strains {#sec004}
-----------------------------------------

By the use of the multilocus sequence analysis (MLSA), the most accepted method for phylogenetic assignation of *Pseudomonas* strains \[[@pone.0154438.ref031]\], the taxonomic affiliation of the bacteria used in this work was established. We sequenced four amplicons of constitutive genes per strain; namely *rpoD* and *gyrB* \[[@pone.0154438.ref032]\], pyrroloquinoline quinone (*pqqC*) \[[@pone.0154438.ref025]\] and 16S rDNA \[[@pone.0154438.ref033]\] for independent analysis by sequence similitude.

The conditions specified in \[[@pone.0154438.ref032]\] were followed for the genes *rpoD* and *gyrB*. Briefly, polymerase chain reaction (25 μl) contained 1 ng of bacterial DNA in 3 μl, 1 x PCR buffer (Thermo Scientific), 5% bovine serum albumin (10 g l-1, Thermo Scientific), 100 mM each of dATP, dCTP, dGTP and dTTP, 0.40 mM of each primer and 1.0 U of Taq DNA polymerase (Thermo Scientific). The initial denaturation at 94°C (150 s) was followed by 30 PCR cycles 94°C for 30 s, 65°C for *gyrB* and 60°C for *rpoD* for 30 s and 72°C for 60 s and a final extension at 72°C (10 min). PCR amplification of *pqqC* from bacterial DNA was carried out following \[[@pone.0154438.ref025]\], with some modifications. In a final volume of 25 μl, the PCR mix contained 100 μM of each dNTP, 0.4 μM (each) forward and reverse primer, 0.75 U *Taq* DNA polymerase (Thermo Scientific), 5% bovine serum albumin, and 3 μl of genomic DNA. The following thermocycling conditions were used: initial denaturation at 96°C for 10 min followed by 30 cycles of 96°C for 30 s, 65°C for 30 s, 72°C for 1 min, and a final elongation at 72°C for 10 min. The procedure for the 16S rRNA gene amplification followed the method described in \[[@pone.0154438.ref033]\].

Sequences from each bacterial strain were first compared using the BLAST procedure to sequences in the NCBI database. They were also compared using BLAST to sequences in PseudoMLSA; a more specialized sequence database for *Pseudomonas* spp. \[[@pone.0154438.ref031]\]. Sequences from the two housekeeping genes gyrB and rpoD were also aligned independently with the program CLUSTAL_X \[[@pone.0154438.ref034]\]. The sequences were concatenated, giving a fragment of 1285 bp, for final alignment. A maximum likelihood tree was inferred using the MEGA program, version 6.0 \[[@pone.0154438.ref035]\]. The heuristic algorithm Nearest-Neighbor-Interchange was used and all positions containing gaps and missing data were eliminated from the dataset (Complete Deletion option). The general-time-reversible method with estimated gamma correction was chosen as the substitution model. A bootstrap analysis of 1000 replications was also performed. The topologies of the trees were visualized using the FigTree program, version 1.4.2 (<http://tree.bio.ed.ac.uk/software/figtree/>).

The bacterial strains were also compared for their ability to swim and swarm as these are thought to be traits associated with the ability to form biofilms \[[@pone.0154438.ref036]\] ([S2 Table](#pone.0154438.s003){ref-type="supplementary-material"}). The following modifications to the protocol by \[[@pone.0154438.ref036]\] were made: No NH~4~Cl was added to the medium used to measure swarming but the medium was supplemented with 0.2% glucose and 0.05% glutamate; and to measure swimming, 0.3% LB medium was used. For swarming and swimming assays, fresh bacterial colonies were suspended in sterilized saline solution 0.85% (w/v) and adjusted to a concentration to 1 x 10^7^ ml^-1^ colony forming units (cfu) for the assays. Saline solution was used as a blank. Adherence of the different PSB strains to abiotic surfaces was determined \[[@pone.0154438.ref037]\] (data in [S2 Table](#pone.0154438.s003){ref-type="supplementary-material"}). No detectable values of the three variables were recorded in the blank treatments.

For the experiments 1, 2 and 3 described below, the bacterial strains were grown in LB agar for 48 h and re-suspended in saline solution 0.85% (w/v) to the desired concentration. All bacterial strains used were rifampicin-resistant mutants.

Experiment 1: To study the growth of PSB strains on the surface of extraradical mycorrhizal fungal hyphae and measure fungal growth {#sec005}
-----------------------------------------------------------------------------------------------------------------------------------

Dual-compartment cultures of AMF were established in split 90 x 15mm Petri dishes \[[@pone.0154438.ref038]\]. The proximal (root) compartment was filled with 20 ml of a minimal growth medium (MM) \[[@pone.0154438.ref039]\]. The distal (hyphal) compartment contained 8 mL of MM without sucrose or phosphorus, creating a slope from the bottom of the dish to the top of the plastic separation \[[@pone.0154438.ref004]\]. This slope was made to facilitate the growth of AMF extraradical hyphae from the root to the distal compartment that lacked roots. The pH of each medium was adjusted to 5.5 and Phytagel® 3.5 g l^-1^ was added as gelling agent before sterilization at 121°C for 15 min.

To establish dual-compartment AMF cultures, a transformed carrot root fragment (approximately 5cm length) was put onto the medium in the proximal compartment of each plate and inoculated with AMF by transferring the medium (in blocks of approximately 1 cm^2^) containing spores and extraradical mycelium that came from the proximal compartment of another culture. Cultures were examined weekly and roots were trimmed aseptically to prevent their growth into the distal compartment. Thirty-three dual-compartment AMF cultures, with well growing extraradical hyphal growth in the distal compartment, were set up in this way.

After 48 days, 12 ml semi-liquid MM (Phytagel 1g l^-1^) without sucrose or P was poured onto the MM medium in the distal compartment and four equidistant wells were made (2 cm apart from each other and 0.5 cm from the Petri dish periphery). Twenty-five μl of sterilized saline suspension of a PSB strain (1 x 10^8^ cfu ml^-1^. concentration) was then placed in each well. In the control treatment, the plates were inoculated with the same solution that did not contain bacteria and were checked for absence of bacterial growth at the end of the experiment. Each PSB treatment and the control was replicated three times, giving a total of thirty-three dual-compartment cultures. Petri plates were incubated horizontally at 25 +/-1°C in the dark for 30 days, after which hyphal growth and bacterial growth was measured, in the distal compartment, under a stereo microscope. Controls were checked for the absence of bacteria in the hyphal compartment and on the surface of AMF hyphae but the length of extraradical hyphae in the control treatments was not measured. Extraradical hyphal length was quantified in the distal compartment following a gridline intersect method \[[@pone.0154438.ref040]\] in 25 randomly selected squares, each measuring 0.55 cm^2^. The 25 values per plate were then summed and divided by 25 to give one hyphal length value per replicate plate. In the same 25 randomly selected 0.55 cm^2^ squares, measurements were made of the length of bacterial colonies that developed along AMF extraradical hyphae by recording at each intersection whether bacterial colonies were present on the hyphae. The 25 values of each measurement were then summed and divided by 25 to give one value per replicate of each treatment for further statistical analysis. In addition, observations were also made on each plate in the root compartment to score whether the bacteria adhering to the AMF hyphae had also moved from the distal to the root compartment, and were growing on or adjacent to the roots and on the medium. Spores were also quantified in 25 randomly selected squares of 1 cm^2^ area.

Experiment 2: *In vitro* assay to assess P acquisition by roots in AMF cultures inoculated with different PSB strains {#sec006}
---------------------------------------------------------------------------------------------------------------------

Dual-compartment AMF cultures were established as described above, except that the distal compartment, contained semi-liquid MM (Phytagel 1g l^-1^) without sucrose or soluble P. The medium in the distal compartment also contained a suspension of insoluble tri-calcium phosphate (5g l^-1^). The same ten bacterial strains were added as described above, in the same concentration in the distal compartment. Three replicates were established for each treatment. Dual additional treatments were set up with the same number of replicates. These were a control in which sterilized saline solution, but containing no bacteria, was added to the distal compartment (subsequently referred to as control) and a treatment with no bacteria and no tri-calcium phosphate in the distal compartment (subsequently referred to as NTP). After the addition of the bacterial inoculum or solution without bacteria, the Petri dishes were incubated at 25 ±1°C in the dark. After 20 days, the roots were harvested, dried and ground. The phosphorus concentration in transformed carrot roots was measured by the molybdate blue method \[[@pone.0154438.ref041]\].

Experiment 3: Greenhouse assays to assess combined PSB and AMF effects on plant growth and PSB effects on AMF colonization of roots {#sec007}
-----------------------------------------------------------------------------------------------------------------------------------

Tuber seeds of *Solanum tuberosum* group phureja \[[@pone.0154438.ref042]\], were sterilized with ethanol (75% v/v) and sodium hypochlorite (1% v/v), and washed with sterile distilled water. The same ten bacterial strains that were used in Experiments 1 and 2 were used to inoculate seed tubers. Several seed tubers were immersed in 15 ml of a bacterial suspension (containing 1 x 10^8^ colony forming units ml^-1^) of each one of the PSB strains, for 15 minutes with agitation every three minutes. After this time, three seed tubers from each of the ten bacterial treatments were randomly selected in order to measure the number of recoverable rifampicin-resistant mutant (RRM) bacteria. Briefly, one seed tuber was immersed in 10 ml of sterilized saline solution (SSS), mixed by vortex for 1 min and serial 10-fold dilutions were made by dilution with the same saline solution. RRM concentration per seed tuber was determined by plating 100 μl aliquots of the serial dilution onto LB with rifampicin (100 μg ml^-1^) agar. Following 48 h of incubation at 28°C, bacterial colonies were counted (CFU per seed tuber). Tuber seeds immersed in SSS were used as control. Thus, the numbers of recoverable rifampicin-resistant mutant bacteria from the surface of the seed tubers in each treatment at the beginning of the experiment was measured.

Non-sterilized soil from a privately owned agricultural field in the Colombian Andes (in the Madrid municipality in the Department of Cundinamarca, Colombia), that had been under potato cultivation, was used for the experiment. The owner of the land gave permission to use the soil from the site for this study. No other specific permissions were required for the use of the soil and the study used no endangered species or protected species. The soil had a pH of 6.3 and contained 34 g kg^-1^ of extractable phosphate (see [S3 Table](#pone.0154438.s004){ref-type="supplementary-material"} for a detailed chemical analysis of the soil). Rock phosphate was mixed with the soil so that the final P concentration of the mixture contained an equivalent of 150 kg P ha^-1^ of additional P. The source of rock phosphate was Granufos 20® which contains 20% phosphate as P~2~O~5~. One seed tuber that had been immersed in the suspension of one of the ten bacterial strains was sown in each pot. One ml of a suspension containing 2000 propagules of the AMF *Rhizophagus irregularis* was dispersed onto the surface of the seed tuber that was then covered with soil. Thus, there were ten treatments where the seed tubers had been immersed in a bacterial suspension. Four additional treatments were made: 1. Plants were inoculated with *Rhizophagus irregularis* but the seed tubers had not been immersed in a bacterial suspension (subsequently called AMF + insol P). 2. The soil and rock phosphate mix was used but the seed tubers had not been immersed in a suspension of bacteria and no AMF inoculum was added (subsequently called Insol. P). 3. Soil was added to the pot but was given a solution of K~2~HPO~4~, which is a soluble form of P, (subsequently called Sol. P) and 4. Pots contained only the soil, with no added P or microbes. However, this treatment and all other treatments contained bacteria and fungi that naturally occurred in the soil, as it was unsterilized. There were four replicates of each of the 14 treatments. All seed tubers seed had sprouted at the time of inoculation and sowing. Pots were filled with a 2.8 kg mix of rock phosphate and non-sterilized soil from a field in the Andes (1:4), which had been under potato cultivation.

Pots were maintained in a growth room with a photoperiod of 16/8 h light/dark, 16°C, and 60% RH, and were watered three times per week to field capacity. Position of the pots was randomized in the growth room. At the end of experiment, the numbers of recoverable rifampicin-resistant mutant bacteria from the soil was measured in each treatment. Rhizospheric soil samples were taken by carefully removing potato plants from the soil, from each pot. Plants were removed and shaken to discard excess soil, and roots were separated from shoots. Soil tightly adhered to roots was kept. One gram of rhizospheric soil, per plant, was diluted in 9 ml of sterilized saline solution 0.85% (w/v), mixed by vortex for 1 min and serial 10-fold dilutions were done. RRM concentration (CFU per gram of rhizospheric soil) was determined by plating 100 μl aliquots of the serial dilution onto LB with rifampicin (100 μg ml^-1^) agar. Following 48 h incubation at 28°C, bacterial colonies were counted. Mycorrhizal colonization of the roots was evaluated 70 days after sowing \[[@pone.0154438.ref043]\]. Briefly, 30 randomly chosen 1 cm-long pieces were cut from each root system, cleared for 10 min at 60°C in 10% KOH, washed with distilled water for three times, and submerged in HCl 10% for 10 min, stained with trypan blue in lactic acid overnight and mounted on a slide. Histochemical staining was also used to evaluate alkaline phosphatase activity in mycorrhizal roots \[[@pone.0154438.ref044]\]. Mycorrhizal colonization was evaluated microscopically. All plants per treatment were collected and dried in order to determine the root and shoot dry weight and leaf phosphorus concentration. Phosphorus concentration was measured as above.

Statistical analysis {#sec008}
--------------------

In the first experiment, we used a one-way analysis of variance (ANOVA) with 10 levels to assess whether the different PSB isolates had a significant effect on the growth of extraradical AMF hyphae, AMF sporulation and whether the different PSB grew differently on the surface of AMF extraradical hyphae.

In the second experiment, we performed a one-way ANOVA with 12 levels to assess whether there were significant differences in *in vitro* root P concentration among plates inoculated with different PSB strains.

In the 3^rd^ experiment, the number of bacteria in the rhizosphere, AMF colonization of the roots, metabolically active AMF colonization, leaf P concentration and the root and shoot dry weights, total dry weight were each subjected separately to one-way ANOVA with 14 levels. Means comparisons following ANOVA in all experiments were made with a Tukey test, except that a Dunnet's test was used for the amount of Tricalcium phosphate solubilized in vitro and for the production of IAA and indol-related substances. In addition, Pearson's correlation coefficient was used to examine whether correlations existed between pairs of the variables measured in the greenhouse experiment.

Results {#sec009}
=======

Characterization of strains and phylogenetic analysis {#sec010}
-----------------------------------------------------

The ten strains of bacteria were all demonstrated to have P solubilizing capabilities *in vitro* using 2 different methods ([S1 Table](#pone.0154438.s002){ref-type="supplementary-material"}). Strain P63 and P95 had the highest capacity to solubilize phosphate *in vitro* while strain P80 had the lowest capacity. The strains also varied significantly in their production of indol-related substances, with stain P80 exhibiting a higher production of indol-related substances than strains P28, P29, P36, P95 and P102 ([S1 Table](#pone.0154438.s002){ref-type="supplementary-material"}). The strains also differed in their ability to swim and swarm ([S2 Table](#pone.0154438.s003){ref-type="supplementary-material"}). Strains P29, P63, P80 P102 and P104 swam faster than P36, P95 and P108. Swarming ability was significantly highest in strains P80 and P95. The strains also varied greatly in their ability to attach to abiotic surfaces ([S2 Table](#pone.0154438.s003){ref-type="supplementary-material"}). Strains P36 and P63 were able to adhere to abiotic surfaces most successfully and significantly more than all other strains. P29 showed the lowest ability to adhere to abiotic surfaces.

Sequences of the four genes from the ten bacterial strains were obtained, except for the *pqqC* gene in strain 95, which was poor quality ([S4 Table](#pone.0154438.s005){ref-type="supplementary-material"}). The results of both BLAST analyses ([S4 Table](#pone.0154438.s005){ref-type="supplementary-material"}) and phylogenetic analysis ([S1 Fig](#pone.0154438.s001){ref-type="supplementary-material"}) suggested that the 10 bacterial strains were affiliated with the *Pseudomonas fluorescens* lineage. There was no match with species of the *P*. *aeruginosa* lineage. Sequences were deposited in the GenBank database: KU048076-KU048095 accession numbers.

Experiment 1 {#sec011}
------------

In experiment 1, all bacterial strains were able to grow on the culture medium in the distal compartment in the presence of AMF hyphae. Microscopic observations confirmed that bacteria attached to and grew along the AMF hyphae in the distal compartment, often forming thick colonies around thick hyphae as well as around subtending hyphae on which spores had formed ([Fig 1A--1C](#pone.0154438.g001){ref-type="fig"}). Extraradical hyphae of AMF are not normally very branched except when they form so-called branching absorbing structures (BAS) \[[@pone.0154438.ref045]\]. The PSB strains P74, P80, P95 and P102 all formed bacterial colonies all around the hyphae of BAS ([Fig 1A](#pone.0154438.g001){ref-type="fig"}). All ten bacterial strains grew along the extraradical hyphae of *R*. *irregularis* but the length of AMF hyphae colonized by the bacteria differed significantly among PSB strains (ANOVA F ~(9,\ 20)~ = 6.23, *P* = 0.0003; [Fig 2A](#pone.0154438.g002){ref-type="fig"}). Strains P28, P29 and P102 grew significantly more along AMF extraradical hyphae than strains P63 and P104. We did not observe that PSBs accessed the carrot roots by growing along the AMF extra radicle hyphae and onto and around the carrot roots. There was no bacterial growth in the control treatment. The growth of AMF, as measured by AMF extraradical hyphal length, was differentially affected by the presence of different PSB (ANOVA F ~(9,\ 20)~ = 6.21, *P* = 0.0003; [Fig 2B](#pone.0154438.g002){ref-type="fig"}). The highest extraradical hyphal growth was observed in cultures inoculated with the strains P36, P102 and P29. The lowest fungal growth was seen in cultures inoculated with PSB strain P104. The two variables AMF hyphal length and bacterial growth along hyphae were not strongly correlated (Pearson correlation coefficient -0.141). Spore production by AMF was also significantly affected by the identity of the PSB strain (ANOVA F ~(9,\ 20)~ = 18.86, *P* ≤ 0.0001). The sporulation response to different PSB strains followed the same trend as for extraradical hyphal growth and these two variables were positively correlated (Pearson correlation coefficient 0.760).

![Photographs of bacterial colonies on the hyphae of *R*. *irregularis* in *in vitro* cultures in experiment 1.\
a. Growth around branching absorbing structures; b. on and around hyphae; c. around subtending hyphae of *R*. *irregularis*.](pone.0154438.g001){#pone.0154438.g001}

![Growth of bacteria and growth of extraradical hyphae in Experiment 1.\
a. Growth of ten different P solubilizing bacteria strains on the surface of extraradical hyphae of *R*. *irregularis* growing in the distal compartment of a split *in vitro* culture in experiment 1. b. Growth of extraradical hyphae of *R*. *irregularis* in the distal compartment of a split *in vitro* culture in the presence of ten different P solubilizing bacteria strains. Measurements represent mean length per treatment per 1 cm^2^. Error bars represent + 1 S.E. Different letters above bars represent significant differences (*P* ≤ 0.05) according to a Tukey test.](pone.0154438.g002){#pone.0154438.g002}

Experiment 2 {#sec012}
------------

In experiment 2 there was no significant difference in P concentration in the carrot roots in the treatment with AMF and lacking bacteria (control treatment) compared to the treatment with AMF but with no bacteria or tri-calcium phosphate (NTP) ([Fig 3](#pone.0154438.g003){ref-type="fig"}). This confirmed that AMF hyphae alone were not able to solubilize P and transport it to the roots without bacterial assistance. P concentration in the carrot roots was significantly influenced by which bacterial strain was used to inoculate the distal compartment containing insoluble P (ANOVA, *F*~(11,\ 24)~ = 6.02, *P* ≤ 0.0001; [Fig 3](#pone.0154438.g003){ref-type="fig"}). Three out of ten PSB strains (P29, P36 and P80) significantly enhanced the levels of P in the carrot roots compared to the control or the NTP treatment ([Fig 3](#pone.0154438.g003){ref-type="fig"}). The other 7 PSB strains did not significantly enhance levels of P in the carrot roots above that of the control or NTP treatment.

![Phosphate concentration in carrot roots colonized by *R*. *irregularis* in experiment 2 and 10 different P solubilizing bacterial strains.\
The distal compartment contained tri-calcium phosphate. The white bars represent the treatments where roots were colonized by AMF but no bacteria where added, and with tricalcium phosphate (Control) and no tri-calcium phosphate (NTP) in distal compartment. Error bars represent + 1 S.E. Different letters above bars represent significant differences (*P* ≤ 0.05) according to a Tukey test.](pone.0154438.g003){#pone.0154438.g003}

Experiment 3 {#sec013}
------------

At the beginning of experiment 3 the numbers of recoverable rifampicin-resistant mutant bacteria from the surface of tubers was 2.67 x 10^6^ cfu.tuber-seed^-1^ (P95) to 5.63 x 10^7^ cfu.tuber-seed^-1^ (P108). Average numbers of recoverable rifampicin-resistant mutant bacteria from the soil at the end of the experiment ranged from 1.10 x 10^5^ cfu.g soil^-1^ (P36) to 1.40 x 10^6^ cfu.g soil^-1^ (P108). However, due to very high variance among replicates within treatments for these two variables there was no significant difference in the numbers of bacteria per treatment at the beginning of the experiment or at the end of the experiment. Neither of these two variables were strongly correlated with any of the variables of plant growth or fungal colonization measured in Experiment 3. Therefore, the numbers of bacteria that were introduced at the beginning of the experiment and the number recoverable at the end of the experiment cannot explain the results observed on plant P uptake or colonization of the roots by AMF.

Leaf P concentration in the plants was significantly affected by the microbial treatments (ANOVA, *F*~(13,\ 42)~ = 5.53, *P* ≤ 0.0001; [Fig 4](#pone.0154438.g004){ref-type="fig"}). The highest leaf P concentrations were found in plants inoculated with AMF and the PSB P102 and in the control where only soluble P (K~2~HPO~4~) was added. Leaf concentration in plants inoculated with P102 was higher than that in 7 of the other PSB treatments, the treatment with AMF and no bacteria and the treatments with rock phosphate and no P that received no additional inoculation with microbes. Leaf P concentration was also significantly higher in the treatment with both AMF and soluble P (Sol. P treatment; [Fig 4](#pone.0154438.g004){ref-type="fig"}) than the two controls with rock phosphate and no P that received no additional inoculation with microbes (Insol. P and No P treatments; [Fig 4](#pone.0154438.g004){ref-type="fig"}). The leaf P concentration in plants inoculated with AMF, but no inoculation with PSB (AMF + Insol. P treatment; [Fig 4](#pone.0154438.g004){ref-type="fig"}), was not significantly higher than the controls (Insol. P and No P treatments; [Fig 4](#pone.0154438.g004){ref-type="fig"}) indicating that AMF did not have the ability to assist plant P uptake in the presence of rock phosphate as the only P source.

![Mean leaf P concentration of potato plants in experiment 3.\
Plants were inoculated with ten different strains of P solubilizing bacteria (P28 --P108), with added inoculum of *R*. *irregularis* and insoluble P in the form of rock phosphate. AMF + Insol P = added inoculum of *R*. *irregularis* and insoluble P in the form of rock phosphate but no added bacteria. Sol P = addition of soluble P but no added bacteria or *R*. *irregularis*. Insol P = addition of insoluble P in the form of rock phosphate but no added bacteria or *R*. *irregularis*. No P = no addition of any P source and no added bacteria or *R*. *irregularis*. All plants in all treatments are planted in non-sterile soil containing an existing microbial community. Error bars represent + 1 S.E. Different letters above bars represent significant differences (*P* ≤ 0.05) according to a Tukey test.](pone.0154438.g004){#pone.0154438.g004}

Inoculation with different PSB had a strong and significant effect on mycorrhizal colonization (ANOVA, *F*~(13,\ 42)~ = 3.12, *P* ≤ 0.002; [Fig 5A](#pone.0154438.g005){ref-type="fig"}). Mycorrhizal colonization, as measured by the percentage root length colonised by the fungus, was significantly enhanced in the treatments inoculated with P29, P95, P104 and P108 compared to the treatment inoculated with AMF but without added PSB ([Fig 5A](#pone.0154438.g005){ref-type="fig"}). Not all bacterial treatments enhanced mycorrhizal fungal colonization and inoculation with AMF did not significantly increase mycorrhizal fungal colonization over the unsterilized soil that contained a native AMF community. Metabolically active mycorrhizal colonization, measured as percentage root length colonized by mycorrhizal fungal structures stained for phosphatase activity, was also strongly and significantly enhanced in treatments with some PSB strains (ANOVA, *F*~(13,\ 42)~ = 2.67, *P* ≤ 0.008; [Fig 5B](#pone.0154438.g005){ref-type="fig"}). Plants inoculated with P28, P29, P36, P102 and P108 all showed significantly enhanced levels of metabolically active fungal colonisation in the roots compared with the treatment where AMF were added but no PSB were added.

![Mean percentage of potato root length colonized by arbuscular mycorrhizal in experiment 3.\
a. Colonization by all arbuscular mycorrhizal fungal structures. b. Colonization by metabolically active arbuscular mycorrhizal fungal structures, as measured by alkaline phosphatase staining. Treatments shown in the horizontal axis follow those described in [Fig 4](#pone.0154438.g004){ref-type="fig"}. All plants in all treatments are planted in non-sterile soil containing an existing microbial community. Error bars represent + 1 S.E. Different letters above bars represent significant differences (*P* ≤ 0.05) according to a Tukey test.](pone.0154438.g005){#pone.0154438.g005}

Discussion {#sec014}
==========

Both AMF and PSBs are common in most soils. Densities of extraradical AMF hyphae in the soil are high and so there is considerable opportunity for PSBs to encounter AMF hyphae. There has been much speculation that PSBs and AMF work synergistically in providing benefit to the plant. For this to happen, these two groups of microorganisms should either interact positively with each other, or at least not be antagonistic with each other. The interactions between these two groups, therefore, needs to be established. The results of this study demonstrated that there was a very wide variation among the 10 *Pseudomonas* strains, that have been shown to have the capacity to solubilize P, in terms of their abilities to grow on the surface of extraradical hyphae of AMF. That the bacteria used in this study strongly influence the growth of AMF, both inside and outside the roots, and in both sterile conditions and in the presence of a native microbial community in the soil is a novel finding. Again such effects on the fungi are highly variable among the different strains. Our results indicate that, depending on the identity of the bacteria, there is a potential for positive interactions between these two microbial groups.

Fungal effects on PSB growth {#sec015}
----------------------------

The finding that PSBs grow along AMF hyphae is novel. It was already known that bacteria adhere to the surface of AMF hyphae \[[@pone.0154438.ref002], [@pone.0154438.ref021]\] but the bacteria that adhered were never shown to be P solubilizers. *In vitro* experiments also show that several different bacterial groups grow around hyphae of *R*. *irregularis* and that they likely obtain their nutrition from exudates of AMF hyphae \[[@pone.0154438.ref046]\]. However, no test was made in that study regarding the capacity of the bacteria to solubilize P. All bacterial strains we tested and that had P solubilizing capacity were able to grow on extraradical AMF hyphae. However, there was significant variation among strains in how much the strains could grow on AMF hyphae. We have only used one AMF species in this study and the ability of different PSB strains to grow on AMF hyphae could also potentially be AMF-species specific as variable bacterial communities have been shown to colonize spore surfaces of different AMF species \[[@pone.0154438.ref047]\]. The observed growth of some PSBs on AMF hyphae could be beneficial for the bacteria in two ways. They could use the hyphae as a route to access further areas of the soil, which could be beneficial for the fungus as P solubilizers could grow away from the route along AMF hyphae into patches containing insoluble P. The bacteria could also use the AMF hyphae as a route allowing growth in the other direction towards the plant and colonize the rhizosphere; an area that could be rich in resources from plant exudates.

Our results also show that measurements of the ability of the bacterial strains to adhere to non-living surfaces are not a predictor of whether the bacterial will be able to adhere and grow on the surface of AMF hyphae.

Bacterial effects on AMF growth {#sec016}
-------------------------------

We have observed two types of differential effects of PSBs on the growth of AMF; namely effects on hyphae and spore production outside the roots in a sterile environment and also colonization by the fungi inside the roots in the presence of a microbial community.

In sterile *in vitro* conditions, the bacterial strains that had the strongest positive effect on the growth of fungal hyphae were not the strains that grew the most on the hyphae ([Fig 2](#pone.0154438.g002){ref-type="fig"}). In addition, there was no obvious pattern indicating that the amount of bacterial growth on hyphae or bacterial effects on the growth of hyphae *in vitro* were likely explanations of enhanced P uptake by carrot roots in the presence of certain bacterial strains that were observed in experiment 2 (Figs [2](#pone.0154438.g002){ref-type="fig"} and [3](#pone.0154438.g003){ref-type="fig"}).

Due to the design of experiment 1, we can conclude that bacteria with ability to solubilize P had strongly differential effects on the growth of AMF hyphae. However, it is not possible to say whether the effects were positive or negative compared to growth in the absence of PSB as hyphal lengths were only measured in the treatments in which PSB were added and not in the bacteria-free control. Therefore, we can only conclude that the different bacteria have positive or negative effects on the growth of AMF hyphae relative to other PSB strains. However, this is an ecologically relevant situation, as AMF probably never grow in the absence of *Pseudomonas* spp. in nature.

In experiment 3, in the presence of a microbial community, AMF colonization inside the roots was also strongly and differentially influenced by the different bacterial strains ([Fig 5](#pone.0154438.g005){ref-type="fig"}). In this case, metabolically active AMF colonization, as indicated by alkaline phosphatase staining, was also strongly influenced by the identity of the PSB strain. The percentage of metabolically active AMF colonization of roots was several-fold different in roots inoculated with different PSB strains indicating a very strong differential effect of the bacteria on AMF. Unlike experiment 1, in experiment 3 we can conclude that some PSB strains such as P29, P95, P104 and P108 significantly enhanced AMF colonization over treatments where no PSBs were added. This is a particularly interesting result because in this case the strong effect was observed in the presence of a native microbial community. Whether this effect was a direct effect of the PSB strains on the growth of the fungus or via indirect effects on the microbial community cannot be known. However, a direct effect is certainly possible given the differential effects of the PSB strains on AMF observed *in vitro*.

One important result of experiment 3 was that the soil used in this experiment contained a natural microbial community, including AMF. All treatments therefore contained AMF, including those that were not inoculated with the AMF *R*. *irregularis*. In experiment 3, AMF colonization of roots in control treatments without added *R*. *irregularis* or bacteria was the same as the treatment without added bacteria but with added AMF. This indicates that the AMF inoculation treatment may not have had any effect on mycorrhizal colonisation. Consequently, the differential effects of the PSB strains on AMF colonization must be interpreted as either a response of the native AMF community, or a response of *R*. *irregularis* or the response of both the native community and *R*. *irregularis* together.

Joint bacterial and AMF effects on P acquisition {#sec017}
------------------------------------------------

The experiments here were not designed to test whether there is a synergistic effect of AMF and PSBs but to assess the influence of one group of microorganisms on the other. Despite this, we can make some additional conclusions from the results of experiments 2 and 3 about how these microbes affect P acquisition.

In experiment 2, carrot roots were not able to obtain any additional P from the insoluble source in the absence of PSB strains. While some PSB strains show P solubilizing activity in standard assays ([S1 Table](#pone.0154438.s002){ref-type="supplementary-material"}), this did not necessarily lead to enhanced P acquisition by the roots. In fact, standard assays to measure bacterial ability to solubilize P are not a predictor of which strains result in improved P acquisition by roots in this system. In experiment 2, there was no non-AMF control. However, since the bacteria were inoculated, and only subsequently observed in the hyphal compartment, AMF hyphae are an obvious route for any P that was solubilized by the bacteria to have reached the roots. The nature of such a split petri plate culture system would not allow for the rapid movement of solubilized P from the hyphal to the roots compartment. Thus, we conclude that the most parsimonious explanation for the enhanced acquisition of P with some PSB strains was via AMF hyphae.

In experiment 3, while the PSB strains clearly had a very strong effect on the colonization of roots by AMF, this did not translate into obvious patterns of increased P acquisition by the potato plants. One PSB strain enhanced plant leaf P concentration but this bacterial strain did not have a stronger effect on AMF colonization than some of the other strains and overall no microbial treatment resulted in significantly greater plant growth. Moreover, there is a long-standing debate about the suitability for *in vitro* methods, such as tri-calcium phosphate, to predict the microorganisms phosphate solubilizing activity in real soil conditions. Nevertheless, tri-calcium phosphate solubilization, the method used here is the most widely used method to characterise the P solubilization potential of bacteria in *in vitro* conditions and a number of studies have indicated that there is a link between P solubilization activity *in vitro* production of organic acids (e.g. gluconic acid), phosphatases or phytases and actual plant growth promoting activities \[[@pone.0154438.ref007], [@pone.0154438.ref048]--[@pone.0154438.ref050]\]. To demonstrate P solubilization *in situ* by soil microorganisms, is highly complex and not the topic of this article. Certainly, the PSB research community must approach the debate about the suitability of the existent methods to characterise P solubilization abilities, as well as the finding of the most suitable one.

Conclusions {#sec018}
===========

We conclude that P solubilizing-capable *Pseudomonas* bacteria and AMF can have positive effects on each others growth that could potentially lead to synergism between some combinations. It is significant that some of these strong growth effects were even seen in the presence of a soil microbial community; a test which is often omitted in such investigations. The fact that such enormous variation exists among these bacterial strains in their growth on AMF, and in turn their effects on AMF growth and their influence on P acquisition by roots indicates that effectively using such microbes jointly for improvement of P acquisition by plants needs to consider this variation. On the basis of this investigation, further studies are certainly warranted to investigate possible synergistic effects between members of these two diverse microbial inhabitants of the rhizosphere.

Supporting Information {#sec019}
======================

###### Phylogenetic relationships among 63 *Pseudomonas* reference strains and the 10 strains used in this study and isolated from Andean soils.

Strains used in this study shown in green. The Maximum Likelihood tree was inferred from concatenated sequences of two housekeeping genes *rpoD* and *gyrB* (1,285 bp). Only bootstrap values greater than 50 are shown. Scale bar 0.02 substitutions per site.

(PDF)

###### 

Click here for additional data file.

###### Characterization of native strains of *Pseudomonas sp*. in terms of their capacity to solubilize P and produce indol acetic acid (IAA) and indol-related substances *in vitro*.

The statistical analysis was carried out through a one-way analysis of variance (ANOVA) and differences between treatments were determined using the Dunnet's multiple comparison test.

(DOCX)

###### 

Click here for additional data file.

###### Differing abilities of the 10 bacterial strains to swim, swarm and attach to abiotic surfaces.

F ratios in one-way ANOVA were *F*~(9,\ 20)~ = 10.21, *P* ≤ 0.0001; *F*~(9,\ 30)~ = 61.48, *P* ≤ 0.0001; *F*~(9,\ 30)~ = 118.98, *P* ≤ 0.0001. Table shows means value for each variable and each strain followed by the standard error. Different letters in a column denote significantly different means according to a Tukey test.

(DOCX)

###### 

Click here for additional data file.

###### Detailed analysis of the soil used in Experiment 3.

(DOCX)

###### 

Click here for additional data file.

###### BLAST results for sequences of 4 genes in ten bacterial strains that had been shown to have phosphate solubilizing ability.

(XLS)

###### 

Click here for additional data file.
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